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Abstract
As covered in Chap. 2, many of the world’s aquifers are rapidly being depleted.
Nearly one quarter of the world’s population – 1.7 billion people – live in regions
where more water is being consumed than nature can renew (Gleeson
et al. 2012). Over-exploitation occurs when groundwater abstraction is too
intensive, for example for irrigation or for direct industrial water-supply like
extracting fossil fuels (Pettenati et al. 2013; Foster et al. 2013). When ground-
water is continuously over-pumped, year after year, the volume withdrawn from
the aquifer cannot be replaced by recharge. Eventually, the groundwater level is
much lower than its initial level and even when pumping stops, the aquifer has
trouble rising once again to its original level. In continental zones, over-
exploitation can lead to groundwater drawdown and, ultimately, to subsidence
through development of sinkholes when underground caverns or channels col-
lapse. In coastal areas, the decrease in groundwater recharge results in saltwater
intrusion into the aquifer formation (Petalas and Lambrakis 2006; De Montety
et al. 2008). Preserving local groundwater resources is an environmental and
economic issue in coastal zones and is vital in an island context. The increasing
demand for water caused by a growing population can lead to the salinization of
groundwater resources if these are systematically over-exploited. Limiting the
salinization of coastal aquifers is consistent with the groundwater objective of
the European Union Water Framework Directive, which is to achieve a good
qualitative and quantitative status by 2015. The economic advantage of preserv-
ing these threatened water resources is that, when there is a growing demand, a
local water resource is sustained and there is no need to import water.
Transporting water can cost 2–10 times more than limiting the intrusion of
saltwater into a coastal aquifer.
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As covered in Chap. 2, many of the world’s aquifers are rapidly being depleted.
Nearly one quarter of the world’s population – 1.7 billion people – live in regions
where more water is being consumed than nature can renew (Gleeson et al. 2012).
Over-exploitation occurs when groundwater abstraction is too intensive, for exam-
ple for irrigation or for direct industrial water-supply like extracting fossil fuels
(Pettenati et al. 2013; Foster et al. 2013). When groundwater is continuously over-
pumped, year after year, the volume withdrawn from the aquifer cannot be replaced
by recharge. Eventually, the groundwater level is much lower than its initial level
and even when pumping stops, the aquifer has trouble rising once again to its
original level. In continental zones, over-exploitation can lead to groundwater
drawdown and, ultimately, to subsidence through development of sinkholes when
underground caverns or channels collapse. In coastal areas, the decrease in ground-
water recharge results in saltwater intrusion into the aquifer formation (Petalas and
Lambrakis 2006; De Montety et al. 2008). Preserving local groundwater resources
is an environmental and economic issue in coastal zones and is vital in an island
context. The increasing demand for water caused by a growing population can lead
to the salinization of groundwater resources if these are systematically over-
exploited. Limiting the salinization of coastal aquifers is consistent with the
groundwater objective of the European Union Water Framework Directive, which
is to achieve a good qualitative and quantitative status by 2015. The economic
advantage of preserving these threatened water resources is that, when there is a
growing demand, a local water resource is sustained and there is no need to import
water. Transporting water can cost 2–10 times more than limiting the intrusion of
saltwater into a coastal aquifer.
All over the world, the problems related to groundwater withdrawal from coastal
aquifers are usually complicated because they associate the notion of quantity with
that of quality (Werner et al. 2013). They are even more complex given that there is
often a high demand for water in coastal areas. Population growth and the develop-
ment of agriculture, industry and tourism are leading to increased groundwater
abstraction, while the effects of global climate change are increasing seasonal
variations. The deterioration of groundwater quality and quantity as demand
increases is becoming more pronounced. In order to prevent this salinization,
long-term operational management measures must be taken.
In such various contexts, technologies for Managed Recharge Aquifer (MAR)
are of particular interest (see also Chap. 17). Indeed, these technologies aim to
increase the available quantities of groundwater by increasing groundwater infiltra-
tion to aquifer formations. Together with rain, treated wastewater and desalinated
seawater, it is one of the unconventional sources of water that is most often included
in integrated water management schemes. MAR is one of the measures that can be
implemented to secure water supply, compensate for some effects of climate
change and, more generally, handle the quantity and quality of groundwater bodies.
It is not, however, a substitute for groundwater management based on decreasing
abstraction and adapting withdrawal to resource availability.
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Due to its relatively high cost (Khan et al. 2008), MAR has been practised, over
the last four decades, mainly in developed countries. It is commonly carried out in
the United States, and now increasingly in Europe (Levantesi et al. 2010). Large
cities, especially, most often use this management method (Berlin, Paris suburbs,
Lyon, Dunkirk, Geneva). In these cities, MAR is used to manage stormwater by
collecting surface runoff waters in infiltration basins. However, stormwater can be
one of the main sources of pollutants (heavy metals, hydrocarbons and other
organic compounds) produced by cities. Consequently, traditional urban drainage
systems now cause many technical and environmental problems, notably the
pollution of the surface receptor media (Chocat et al. 2007). Nevertheless, some
MAR technologies can also be used to limit the pollution of surface water by
infiltrating some of the polluted water and monitoring the geo-purification and/or
attenuation processes. Therefore, MAR can also be undertaken to protect the
environment by limiting the level of pollution in sensitive receptor media. In
Mediterranean countries, MAR has in some cases been taken into account in
reservoir design in order to limit losses by evaporation. In coastal contexts, the
MAR objective is to move from passive management of saltwater intrusion
(by reducing abstraction for the drinking water supply) to dynamic management –
optimising pumping and natural and artificial recharge as a function of aquifer
model predictions and the results of continuous, in-situ monitoring of the water
table. The principal objective of MAR here is to create a hydraulic barrier to prevent
the intrusion of pollutants and saltwater (Casanova et al. 2007, 2008).
Based on the large number of existing reviews already published about MAR
technologies (e.g. Dillon et al. 2009a, b; Page et al. 2010; Chap. 17), the present
book chapter summarizes the main managed recharge measures (types of artificial
recharge systems, hydrogeological and regulatory restrictions, health and environ-
mental risks) and makes recommendations concerning site selection, technical
feasibility and monitoring methods. As an illustrative purpose of MAR
technologies, there is a focus on French MAR installations.
16.2 MAR Technologies
16.2.1 Infiltration Methods
Infiltration methods are designed to facilitate the infiltration of water to the aquifer
by means of infiltration basins (ponds, tanks), while improving the quality of the
recharge water by natural attenuation in the aquifer’s unsaturated zone. They are
usually used to recharge water table aquifers or, in some cases, to create hydraulic
barriers. One of the main advantages of these methods is that they are inexpensive
and relatively easy to implement and maintain. The “infiltration ponds” method
includes installations such as dams and small reservoirs, as well as various
improvements and installations designed to manage stormwater (or runoff) and
individual wastewater treatment units. This category also includes reservoir
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pavements, recharge pits, drainage trenches, vegetated ditches, mounds systems,
sand filters and septic drain fields.
With all of these techniques, the water passes through the unsaturated zone
before reaching the aquifer. The water can thus be potentially purified by contact
with the soil, which enables the elimination not only of certain pathogenic agents
but also of potentially harmful inorganic and organic substances. Infiltration ponds
are often used in MAR projects, notably in places where there are frequent water
shortages. Depending on which technique is being considered (infiltration ponds,
percolation tanks, Soil Aquifer Treatment (SAT) Dillon 2005), basin characteristics
such as the desired infiltration rate are adapted to the local objectives and can vary
significantly. If the objective is quantitative, the chosen infiltration rate might be
relatively high (several meters per day), whereas a lower infiltration rate
(an average of 0.5 m.day1) would be recommended when the objective also
includes the geo-purification of the infiltrating water.
The geo-purification capacity of the filtering layer is in some cases improved
when plants are grown on this layer. Indeed, the presence of plants in the filtering
layer protects the surface of the basin from erosion and clogging and is carriers for
bacteria that act for biodegradation of some inorganic and organic pollutants. On
summer, plants can improve the purification of the infiltrated water by enhancing
phytoremediation.
The water temperature also has an influence on the infiltration rate. Colder water
infiltrates more slowly due to an increase in viscosity. The volume of water that
infiltrates below a basin can therefore decrease significantly in winter. Water that
has not been greatly treated is also rich in organic matter, which fosters the
development of bacteria. This might decrease the porosity, notably by the formation
of biofilms.
To avoid, or rather slow down this clogging process several processes are avail-
able, depending on the application (Le Coustumer 2008). The first is to pre-treat the
water that will infiltrate. Settling ponds or sand filters can be installed upstream from
the infiltration basin, or the chemical properties of the recharge water can be modified
by adding various chemical compounds, mostly inorganic. The second solution is to
operate infiltration basins alternately, following “wetting-drying” cycles, in order to
enable the decompacting and/or maintenance of the basin floor.
16.2.2 Direct Injection Method
Direct injection methods using injection wells are the methods most often used
throughout the world. Aquifer Storage and Recovery (ASR) and Aquifer Storage
Transfer and Recovery (ASTR) are installed mainly to meet two objectives: (i) to
recharge confined (or semi-confined) aquifers and/or (ii) to create hydraulic
barriers. The quality of the injected water must be closely monitored to prevent
any contamination. They might also be preferred when space is limited because
their footprint, only several tens of m2, is small compared to that of infiltration
basins. Moreover, their wellhead protection zone is small.
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The principle behind ASR is the injection of water into an aquifer followed by its
recovery by pumping from the same well at a later date. This method involves
distinct and alternating periods of storage of excess water and of its consumption
(Pyne 2006). ASR is therefore generally used for aquifers that are relatively
invulnerable to non-point source pollution and in which groundwater moves slowly,
i.e. confined or semi-confined aquifers. This method is used mainly for the seasonal
storage of good quality water (sometimes potable), as a “pocket of fresh water” in
an aquifer containing non-potable water. From a technical point of view, there are
two advantages to this method. First of all, it entails alternating phases of injection
and abstraction in the same well. This results in an inversion of the water circulation
in the well screen and in the surrounding aquifer, thereby reducing clogging (Dillon
et al. 2006; Pyne 2005, 2006). Secondly, the use of the same well for injection
reduces investment costs.
As opposed to ASR, ASTR involves injection in one well and recovery by
pumping from a second well located several hundred metres down-gradient from
the injection well. The injected water is transferred through the aquifer before being
abstracted. The specific technical characteristics of this set up require that the water
in the aquifer be of relatively good quality. ASTR is therefore used mainly when the
pumped water is a supply for human consumption.
16.2.3 Filtration Methods
Induced recharge called riverbank filtration, involves increasing the infiltration of
water from a river to its alluvial aquifer by pumping in wells located near the
riverbank. A string of wells are installed parallel to and near the river. Pumping in
the wells lowers the water table, creating a difference in head between the river and
the groundwater. This draws the surface water through the riverbank, as long as the
riverbank is not clogged and/or the pumping rate is sufficient. The principal aim of
this technology is to use the geo-purifying capacity of the riverbank to filter and
purify the recharge water. Due to the high concentration of suspended matter in
surface water, riverbanks rapidly become clogged. In order to prevent this, the
infiltration rate must be relatively low and the riverbanks must be periodically
maintained. Another method called dune filtration consists of infiltrating water
from ponds constructed in dunes. The water is then extracted from wells or ponds
at lower elevation (Dillon 2005).
16.3 Sources of Water Used for MAR
The first basic criterion concerning the feasibility of a MAR project is the avail-
ability of recharge water near the injection site in order to ensure a steady supply
and limit potential transport costs. An aquifer can be recharged with several types of
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water. Several types of water are used for recharge: surface water from rivers,
stormwater and treated wastewater.
The inventory of MAR installations still active in France showed that almost all
of these use surface water, notably due to the availability of this resource. Indeed,
surface water is abundant in temperate countries where rainfall adequately replaces
water lost by evapotranspiration and flow to the sea. There are three other reasons
for the predominant use of surface water. Firstly, the chemical and microbiological
quality of this water is adequate, even when the water is not pre-treated, which
enables its use for both quantitative and/or qualitative objectives. Secondly, surface
water can be used with different existing MAR techniques, from infiltration or
indirect injection to direct injection. Thirdly, the laws that enable the use of surface
water for recharge systems already exist.
Intermittent surface water bodies can also be used, although their hydrological
cycle is somewhat random and water availability depends on climate events that
only occur over several days or weeks each year. It is important to note that the
duration of these climate events can vary from year to year. Historically, this type of
surface water has been little used for MAR due to its intermittent character.
Recently, new techniques, notably for direct injection, have been developed in
order to use this type of water. Most of these are new ASR techniques developed in
semi-arid and arid Mediterranean climate zones.
Desalinated water made from seawater or brine is an alternative. First developed
to produce drinking water, industrial water and water for agriculture, desalinated
water can also be used for MAR. Initially used only in energy-rich countries like
Saudi Arabia, the United Arab Emirates or Bahrain (Ahmed et al. 2001; Al-Zubari
2003; Chafidz et al. 2014), all of which produce drinking water from seawater,
desalinated water is increasingly used elsewhere in the world thanks to improved
desalination techniques that have decreased production costs (Shatat et al. 2013;
Feitelson and Rosenthal 2012; Moatty 2001; Palomar and Losada 2010). Because
of the relatively small quantities produced and their very high cost (Dabbagh 2001),
desalinated water is almost never used for MAR, the aim of which is to significantly
increase the volume of groundwater. However, the stability of desalinated water
production might be a favourable argument for its use in some arid countries as a
secondary source of recharge water for installations whose objective is quantitative.
Desalination techniques confer particular chemical properties on this type of water.
The principal characteristic is that it contains very little salt. When water is
produced by distillation, it usually has a dissolved salt content of between 5 and
30 mg.L1. Due to its low salt content, this water does not meet drinking water
standards. It is therefore necessary to remineralize it until its salt content reaches
ca. 300 mg.L1.
At present, treated wastewater is used in MAR systems in many countries.
Although very common in countries with limited water resources, wastewater is
rarely reused in France (about 40 projects developed experimentally for irrigating
crops, watering golf courses and forests or prairies) and there are no MAR
installations that specifically use treated urban wastewater. It is important to point
out that in France the use of wastewater for MAR is forbidden (Miquel 2003).
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The volumes of reclaimed treated wastewater are slightly higher than those of
desalinated water but are still lower than those of surface water. Like that of
desalinated water, the production of treated wastewater is relatively stable over
time. It is, however, important to point out that the production of wastewater
increases drastically during tourist seasons in holiday resorts. Therefore, treated
wastewater is usually used for both recharge systems whose objective is to signifi-
cantly increase the volume of groundwater and those whose objective is to improve
groundwater quality.
In this context, MAR using infiltration of treated wastewater might be one of the
possible solutions for recycling water to its natural medium while making it
possible, for example, to recharge over-exploited aquifers, prevent saltwater intru-
sion into coastal aquifers, or store water without the loss by evaporation that occurs
in open-air reservoirs, and make it available during periods of high demand. Treated
wastewater is therefore an alternative resource that is available throughout the year
and, in particular, during low water stages when the demand for conventional
resources is highest, or when they are unavailable. It is of particular interest when
the natural resource is scarce, notably in coastal areas and on islands. Moreover, the
infiltration of treated wastewater through an unsaturated zone to recharge an aquifer
benefits from the purifying capacity of the sub-surface in which naturally occurring
processes enable the degradation or filtering of a certain number of the water’s
pollutants (Bekele et al. 2011).
Industrial water comes from factories, manufacturing plants and farms. The
discharge of this water is subject to a specific study and preliminary treatment is
usually required. It can contain both easily degradable organic compounds and
substances that do not degrade easily such as organohalogenated compounds or
heavy metals. Compared to treated urban wastewater, industrial water which
contains more specific contaminants (organic molecules, trace metals and
contaminants of emerging concern (CECs)) is generally not used for MAR. Indeed,
most companies have their own treatment plants to treat the specific effluents of
their industrial processes. This means that this water is not systematically
discharged to the municipal wastewater system, thus limiting its use. However,
this water can be used for MAR if there is a system to route the water to the MAR
site and its chemical quality has been specifically studied.
16.4 Hydrogeological and Regulatory Constraints
The feasibility of an MAR system depends for the most part on local
hydrogeological conditions (Dillon 2005). In the case of infiltration methods, the
unsaturated zone must allow the water to infiltrate to the aquifer and the aquifer
must be able to store the infiltrated water. Preference is therefore given to sites that
have a rather low diffusivity, i.e. relatively low permeability and high storage
capacity. These conditions can be found in aquifer formations with interstitial
porosity (e.g. sandy, sandstone formations) or with both interstitial and fracture
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porosity (e.g. chalk). As concerns water quality, when choosing an MAR site, one
must be sure that the quality of the recharge water is compatible with the reactive
potential of the aquifer matrix and especially that of the unsaturated zone.
Current French regulations state that an MAR system is subject to prior approval
in compliance with the environmental code and an impact assessment must be
carried out. It must comply with French and European water laws, in particular with
respect to the prevention and mitigation of discharge of pollutants to groundwater.
In the specific case of MAR systems, the environmental code prohibits the use of
treated wastewater in France.
Wells used to supply drinking water can be located down-gradient of the sector
targeted for MAR with water whose quality is degraded. It is therefore essential that
the safety for public health and the environment of the artificial recharge, induced
by the addition of water to a parcel and its transport to the aquifer through the
unsaturated zone, is ensured. The regulatory “wellhead protection zone” tool,
described in the French public health code (Water law of the 3th January 1992,
article L-1321-2) is, in most hydrogeological contexts, poorly suited to preventing
pollution. Additional measures have therefore been taken in protection zones.
These must now be implemented at the scale of an entire well or well-field
catchment area, which is the most appropriate spatial unit for combating non-
point source pollution (Vernoux et al. 2010). If this catchment area includes an
MAR installation, the restrictions on the quality of the infiltrated water are even
stricter.
16.5 Health and Environmental Risks
Depending on the quality and the efficiency of the treatments given to the recharge
water, it can contain various amounts of pollutants such as trace metals, nutrients
and microorganisms, including pathogenic microorganisms and contaminants of
emerging concern (CECs) (Lapworth et al. 2012). Using different waters that have
different origins and different qualities, notably treated wastewater, for MAR
systems might therefore create high risks for public health. The complexity of
reactive transport processes in the unsaturated zone highlights two of the main
stumbling blocks that must be taken into consideration if treated wastewater is
being considered for MAR: one specific challenge is to have numerical models that
can include all of the hydro-biogeochemical processes involved in reactive trans-
port, while a second, more operational, is the need to have a complete biogeochem-
ical and hydrogeological characterisation specific to each MAR site.
16.5.1 Trace Metals
The problem posed by metals in recharge water concerns first of all the use of
treated wastewater since the concentrations of many trace metals are very low in
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most natural waters. Several studies have shown that trace metal concentrations can
vary greatly in runoff and surface water but that, except for iron and lead, they are,
the most part of the time, below acceptable levels (Haeber and Waller 1987). Iron
and lead present relatively few health risks. Recharge water coming from water
treatment plants might also contain trace metals, the most abundant of which are
iron, zinc, copper and lead. Other trace metals can also be found: manganese,
aluminium, chrome, arsenic, selenium, mercury, cadmium, molybdenum, nickel,
etc. They are of various origins. They come from products consumed by the
population at large, from the corrosion of material in the water distribution and
treatment systems, from service activities (health, automobile) and possibly from
industrial effluents (Cauchi et al. 1996). Trace metals can be dissolved in recharge
water from the aquifer material by modification of natural geochemical conditions.
The recharge water, rich in nutrients and organic matter leads to the creation of new
redox conditions in the system driven by the microbial community (Hunter
et al. 1998; Kloppmann et al. 2012; Pettenati et al. 2012).
Several countries (the United States and Australia, for example) have developed
guidelines for the use of treated wastewater for recharge (USEPA 2004, 2012;
WHO 2006a, b). These guidelines focus mainly on the health and environmental
risks that result from the presence of pathogenic microorganisms, suspended solids
and dissolved organic carbon in this water. There are few recommendations
concerning trace element contents in water (e.g. USEPA 2012), except as concerns
five trace metals. These are: (i) arsenic, for which the drinking water limit is 10 μg/
L in France; (ii) nickel, which is only weakly toxic but which accumulates in plants;
(iii) cadmium, which is considered to be the metallic pollutant of greatest concern
due to its rapid accumulation in plants and its proven toxicity even at low
concentrations (acceptable daily intake (ADI) 0.057 mg/day/individual);
(iv) mercury, which can be highly mobile; and (v) lead, the injection of which,
even at low doses, can cause neurotoxic and hepatotoxic disturbances (Dillon
et al. 2009a).
16.5.2 Emerging Pollutants
Water quality and societal wellbeing are currently threatened by emerging
pollutants and pathogens including antibiotic resistant bacteria and viruses. The
recharge water that is most likely to be contaminated by pharmaceutical products is
treated wastewater. Indeed, there are several sources of pharmaceutical products
discharged to water bodies. The excretion of pharmaceutical products by patients
following their ingestion is the main source of wastewater contamination. Hospital
wastewater therefore contains high levels of pharmaceutical products, essentially
antibiotics. Moreover, anaesthesia products, disinfectants and diagnostic products
are also present in this wastewater.
Some pharmaceutical products in their active forms, and/or their metabolites if
these are also active, can be hazardous for the environment from an
eco-toxicological point of view. They are then found in wastewater. When waste-
water is treated, the elimination of these pharmaceutical products and/or their
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metabolites varies depending on both the nature of the drug under consideration and
on the characteristics of the treatment methods used in the treatment plant (Joss
et al. 2005; Yu et al. 2006). Furthermore, the elimination of pharmaceutical
products does not mean their total destruction. They can degrade into products
that are also active (Ku¨mmerer et al. 1997; Zwiener et al. 2002). Several studies
have identified the presence of various pharmaceutical products in treated waste-
water (Steger-Hartmann et al. 1996; Ku¨mmerer et al. 1997; Ternes et al. 1998). For
example, Ternes et al. (1998) showed that the most abundant pharmaceutical
products in wastewater are beta blockers, contrast media and pain relief/anti-
inflammatory drugs.
Like that of trace metals, the mobility of pharmaceutical products can be reduced
with infiltration basins and indirect injection methods because the presence of an
unsaturated zone enhances the trapping of these pollutants. In the unsaturated zone,
geochemical and microbiological processes can indeed decrease the concentration
of both pathogenic and non-pathogenic microorganisms and CECs by
(i) biodegradation and (ii) adsorption. To a lesser extent, adsorption can also limit
the mobility of organic pollutants. Pharmaceutical products can be adsorbed on
several solid phases in the unsaturated zone, such as oxyhydroxides, mineralogical
clays and humic substances. This adsorption of pharmaceutical products requires
the creation of a chemical or electrostatic link between the functional groups
present on a pharmaceutical product and the functional groups present on the
solid phases in the unsaturated zone. The adsorption of these pharmaceutical
products might or might not result in the release of chemical compounds to the
aqueous phase.
16.5.3 Risk Assessment
At present, most studies have focused mainly on notions of environmental risk
(Devaux 1999; Wintgens et al. 2012; Dillon et al. 2009b). These risk assessment
studies consider three types of risks: (i) potential theoretical risk, (ii) potential
experimental risk, and (iii) real risk.
Potential theoretical risk is related to all of the disruptions that might affect the
various characteristics of the aquifer as a result of the installation of an MAR
system. These include, for example, groundwater contamination by recharge water
that contains pollutants (trace metals, metalloids, microorganisms, pharmaceutical
products, etc.). The assessment of theoretical risk therefore requires the determina-
tion of: (i) the possible sources of contamination of the recharge water used, such as
prolonged contact with minerals rich in trace metals, industrial discharge, or the
presence of a nearby hospital; and (ii) the intrinsic chemical and microbiological
quality of the recharge water.
Potential experimental risk corresponds to the risk that the disruptions affecting
the recharged aquifers might be transferred to humans or to the environment. This
experimental risk corresponds, for example, to the probability that a pollutant
present in the recharge water will reach humans. In this case, the experimental
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risk will depend not only on the theoretical risk associated with the contamination
of the recharge water but also to other factors such as the volumes of recharge water
injected, the efficiency of pre-treatments, and the geo-purification capacity of the
unsaturated zone in the case of infiltration structures (infiltration basin and indirect
injection techniques).
The last type of risk that is considered by studies assessing the impacts of
recharge systems is the real risk, which is the probability that one member of an
exposed population will be contaminated (Devaux 1999). This risk broadens the
notion of potential environmental risks by considering other factors that are specific
to individuals exposed to disruptions caused by MAR such as the specific immune-
system capacity of a given individual (natural or acquired), age, sex, health,
nutrition, hygiene and the diagnostic ability of health personnel (e.g. serology).
Although many risk assessment studies have made it possible to define the
conceptual framework of the risks associated with MAR, the complexity of the
developed markers, and the lack of knowledge concerning some of the components
of these markers, means that the dangers associated with the disruptions caused by
this activity are hard to quantify. For example, the water consumption of
individuals, which is needed for assessing the real risk, is difficult to estimate




The feasibility of an MAR system depends largely on local hydrogeological
conditions (Dillon 2005). Understanding of natural recharge, of its evolution, and
therefore of the storage capacity of the sub-surface will be a fundamental criterion
for decision support in the choice of an artificial recharge site. This step of
feasibility needs a closely hydrogeological analysis with the help of hydrogeologic
experts that can advise about the drawbacks or benefit of the future considered
MAR site.
16.6.2 Biogeochemical Processes Evaluation
In the case of artificial recharge systems that involve infiltration techniques, geo-
chemical and microbiological processes might occur in the unsaturated zone that
enables the purification of the recharge water. Furthermore, the unsaturated zone
must allow the water to infiltrate to the aquifer, the aquifer must be able to store the
infiltrated water, and then release it without excessive “dissipation”, which would
cancel the storage effect.
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It is, however, possible to identify the main criteria that can affect the geochem-
ical and microbiological processes that enhance the purification of the recharge
water as it moves through the unsaturated zone: (i) pH, (ii) redox potential, (iii)
organic matter content, and (iv) mineralogy (Johnson et al. 1999; Rinck-Pfeiffer
et al. 2000; Pettenati et al. 2012):
(i) In order to limit trace metal mobility and optimize organic contaminant
degradation, it is preferable that the pH of recharge water interacting with
the aquifer matrix and/or soil presents a range of values between 5 and 8. In
general, adsorption processes (surface complexation and ion exchange
reactions) of cations such as trace metals and degradation reactions are usually
weaker at extreme pH values. Under acidic conditions (pH< 4), the adsorp-
tion of protons on negatively charged adsorption sites neutralises the charges
of these sites, or even gives them a positive charge, which decreases the
adsorption capacity of the components of the medium for cations. Under
alkaline conditions (pH> 8), cations do not remain in the form of free ions
but form aqueous complexes involving anions, usually the oxyhydroxides
group, that are present in the solution.
(ii) Geo-purification processes (adsorption, dissolution/precipitation, biodegrada-
tion) are strongly influenced by the redox potential. For example, a decrease in
the redox potential can cause dissolution of oxide and/or hydroxide carrier
phases and therefore the release of adsorbed trace metals at their surface or in
their crystal matrix. Furthermore, a decrease in the redox potential modifies
the aqueous speciation of trace metals, which can increase their toxicity (for
example, by transforming As(V) into As(III)).
(iii) The natural attenuation processes occurring in the soil and sub-soil, particu-
larly in the unsaturated zone, have been shown to be quite effective with
respect to trace organic removal (Ternes et al. 1998). The biodegradation
process is also influenced by organic matter. Organic matter is the main source
of energy for microorganisms in the unsaturated zone. In order to enhance the
metal adsorption reactions and microbiological reactions including the degra-
dation of organic pollutants or the reduction of nitrates, recharge systems
should be installed on sites having significant relatively-insoluble organic
matter content.
(iv) Another criterion that makes it possible to evaluate the geo-purification
capacities of unsaturated zones during artificial recharge is their mineralogy.
Indeed, mineralogy can strongly influence the geochemical processes that
control the mobility of pollutants in the unsaturated zone. Analysing the
mineralogy of the unsaturated zone makes it possible to determine the
concentrations of oxyhydroxides and clay minerals, which are the solid phases
that have the greatest affinity for pollutants.
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16.6.3 Particular Case of SAT: Methodology of Purification
Processes Evaluation
An initial, generic approach should, however, make it possible to roughly identify
and quantify the potential biological activity (of the soil itself, or of the injected
water) that will play a role in the evolution of the main mineral phases of interest as
concerns: the physical and chemical characteristics of the soil (dissolution/precipi-
tation), and on certain global reactions that must be defined (organic matter
decomposition, redox reactions of Fe, S, Mn, etc.) depending on the nature of the
injected water and the soil (Azaroual et al. 2008, 2009; Pettenati et al. 2012).
Once the MAR site has been identified, taking into account constraints such as
the availability of water, hydrogeological characteristics and regulations, five steps
are usually necessary:
• a preliminary evaluation of the feasibility of a recharge system on the chosen site
based on existing data or modelling
• designing the recharge system
• carrying out a detailed study of the site in order to validate or supplement the
results obtained in the first step
• building a pilot or experimental system at a scale that makes it possible to carry
out preliminary tests
• extrapolation to an operational scale
Since the aim of SAT is to optimise the upstream treatment of residual water and
the natural geo-purification of the sub-surface, a preliminary analysis of the chosen
site must be carried out since the characteristics of the recharge water and of the
mineralogical assemblage making up the sub-surface are site-specific. The water
quality monitoring programme recommended by Ollivier et al. (2013) include the
following:
• measuring physical-chemical parameters: water saturation, water pressure, tem-
perature, conductivity, redox potential, pH of the infiltration water
• sampling and analysis of the gas in the unsaturated zone
• sampling and analysis of the water in the unsaturated zone
• sampling of the soil for mineralogical and microbiological analyses
• permeability testing of the soil and sub-soil on the recharge site
16.6.4 Cost-Benefit Study
The costs and benefits of the different management solutions (including environ-
mental costs and benefits) must be systematically assessed in close collaboration
with hydrogeological study (Shah 2014). The concept of water foot-printing needs
to be deepened, establishing practical methods and certifiable systems. Innovative
concepts for water resources management need to be developed, with the aim of
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providing science-proof solutions to societal water challenges. On the basis of
French feedback (Casanova et al. 2013), the feasibility of implementing MAR
strongly depends on developing new approaches for water management aiming at
setting up innovative alternatives suitable for decision making. These approaches
should be ideally based on: (i) the broad participation of stakeholders;
(ii) multidisciplinary research; and (iii) the development of scenarios to support
short to long term decision making.
16.7 Case Study of the MAR in France
Groundwater can be found in two thirds of France which has about 200 large
aquifers and 6,300 small aquifers, and at least 6 billion m3 are withdrawn every
year – 59 % for drinking water supply, 19 % for agriculture (irrigation) and 22 % for
industry (not including the water used by nuclear power plants) (SOeS 2012). When
there is a rainfall deficit for several successive years (e.g. between 2006 and 2011),
or during periods of long summer drought particularly in the southern half of France
(Giuntoli et al. 2013), groundwater levels drop significantly, in particular in
aquifers that are near the surface and in the large aquifers in the Paris Basin.
These critical periods are usually limited in time and space.
Water resources are a crucial element in the analysis of the impacts of climate
change and the suitable responses that can be proposed (Roux 1995). Indeed,
climate change directly modifies both the spatial and temporal dynamics of the
water cycle. The aim of the French National Plan for Adaptation to Climate Change
(PNACC) is to develop concrete and operational measures to prepare France, over
the next 5 years, between 2011 and 2015, for confronting and even benefitting from
new climate conditions (MEDDE 2011).
The impacts of climate change on water resources are numerous (see Chap. 5)
and concern both the offer and the demand, both quantitatively and qualitatively
(Armandine Les Landes et al. 2014). Climate change predictions indicate that
surface runoff will decrease in almost all of France’s catchment basins. In particu-
lar, the decrease in runoff will be greater in areas that are already affected by
structural deficits. Therefore, one of the main challenges of the future will be how to
ensure the water supply that, already in some places, is not adequate and will
increase due to global warming (IPCC 2014).
The Explore 2070 project aimed to determine the impacts of climate change on
aquatic environments and water resources between now and 2070 in order to
anticipate the main challenges to be met and rank the risks incurred (MEDDE
2013). As concerns groundwater hydrology, this project showed that there will be
an almost universal lowering of the water table in France together with a 10–25 %
decrease in recharge, with two zones more severely affected – the Loire catchment
basin with a 25–30 % decrease in recharge over half of its surface area, and
especially the Southwest of France with decreases ranging from 30–50 %.
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The integrated management of water resources by catchment basins must be
done comprehensively, taking into account various water needs, including those of
the environment. At present, it aims, within the framework of water development
and management directives, to reach the objectives of the European Water Frame-
work Directive (WFD, Directive 2000/60/EC of the European Parliament
establishing a framework for Community action in the field of water policy). The
anticipated impacts of climate change will affect, first of all, regions that are already
encountering conflicts over water resources. It is therefore necessary to begin
immediately to prevent all situations of diminishing water resources and develop
strategies that promote water conservation and optimised use. MAR is one of the
tools that can be used for an integrated quantitative (and/or qualitative) manage-
ment of ground- and surface water resources.
A recent inventory of MAR facilities in France (Casanova et al. 2013) enabled us
to identify 75 installations. The current operational status of 48 of these is known
with certainty, while there is some uncertainty concerning the operational status of
8 others, and the state of 19 sites could not be determined. Two thirds of the first
group are located in the Nord-Pas-de-Calais, Midi-Pyrenees and PACA regions and
only about 20 of these are still active today (Fig. 16.1). Many sites have been
abandoned when towns find other sources of water for their drinking water supply.
In some cases, MAR was no longer needed or the quality of the recharge water no
longer enabled the system to function correctly.
In most of the cases identified in France (Casanova et al. 2013), the main
objective of MAR is to sustain an over-exploited groundwater aquifer. The second
Fig. 16.1 State of MAR facilities in France
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objective is to improve the quality of the groundwater by significantly decreasing
the concentrations of some chemicals by dilution (e.g. nitrate, pesticides), thereby
enabling the use of simpler and cheaper water treatment methods to reach drinking
water standards. More precisely, in France, the objective most often sought in MAR
projects is quantitative. More than half of the sites inventoried by Casanova
et al. (2013) had a quantitative objective, a quarter of them had no clearly defined
objective, while the others aimed at improving water quality or had an objective
that was both qualitative and quantitative.
MAR is also undertaken to protect the environment by limiting the level of
pollution in sensitive receptor media. In 2009, 41.4 % of France’s surface water
bodies was assessed as having a good ecological status and 43.1 % a good chemical
status. In addition, 58.9 % of its groundwater bodies possessed a good chemical
status and 89.4 % a good quantitative status (MEDDE 2012a). The quality of
France’s groundwater is better than that of its surface water (60 % of the ground-
water bodies in France and 80 % in Europe having “good” chemical status). For this
reason, groundwater is often used as a source of drinking water. However, the
number of French groundwater bodies that have been disqualified for drinking
water supply due to nitrates and pesticides is rather large (higher than the
European average, the cause of the poor status being divided equally between
pesticides and nitrates) (MEDDE 2012b). In France, MAR is therefore often used
to dilute pollution in groundwater bodies that are tapped for drinking water such as
the MAR installation of Lavelanet-de-Commingues (Haute Garonne, France). This
MAR is assigned to decrease the nitrate concentration (>50 mg l1) of groundwa-
ter. Recharge water is abstracted from the upstream Tuchan canal and transport to
the water catchment in decantation ponds previous to infiltration ponds. This
system permits to maintain a nitrate concentration in the groundwater around
30 mg l1 (Wuilleumier and Seguin 2003).
Conversely, in France, MAR can also be used to limit the pollution of surface
water by infiltrating some of the polluted water and monitoring the geo-purification
processes. MAR is used to manage stormwater in many French cities where surface
runoff is collected in infiltration basins. However, stormwater is one of the main
sources of pollutants (heavy metals, hydrocarbons and other organic compounds)
produced by cities. In consequence, traditional urban drainage systems now cause
many technical and environmental problems, notably the pollution of the surface
receptor media (Chocat et al. 2007).
16.8 Conclusions
Recurrent water resources crises call for a better understanding of hydrological
processes and improved technical and socioeconomic groundwater management. In
many areas of Europe, including France, growing freshwater scarcity currently
emphasizes the need to close the water cycle gap by reconciling water supply
with demand both in quantity and quality terms. The demand for closed water
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systems is obvious in semiarid areas, where research institutes are currently devel-
oping new concepts and technologies. MAR is one of the strategies that can be used
for quantitative and qualitative water management and adaptation to climate change
in the field of water resources. The various methods used at the sites currently in
activity in France and elsewhere in the world use technologies that, for the most
part, have been relatively well perfected over the last 20 years.
Water resources observation and modelling are required to better understand
hydrological processes and to analyse and forecast the effect of management
options. This technological and environmental research must be systematically
combined with a socio-economic approach investigating the questions of participa-
tion, behaviour and commitment of stakeholders. The choice of a method for
artificial recharge depends on numerous factors such as the objective (quantitative
and/or qualitative), the local hydrogeological context, the type and volume of
recharge water available, and the chemical and microbiological characteristics of
this water. Laws regulate the construction and operation of recharge systems. One
criterion common to all identified artificial recharge French sites is that they have
all been built using a multi-step procedure. Independently of the social, economic
and environmental impact that must be taken into account, this chapter highlights
the challenge that must be overcome upstream of any regulatory modifications that
aim to facilitate the use of these technologies.
Because of the specific local characteristics of each MAR site (Fig. 16.2), there
is no universal solution that can be recommended and any change in laws must take
this into account. It seems, however, possible to break down artificial recharge
installations into two groups based on the quality of recharge water. Water whose
quality is similar to drinking water standards is better-suited to direct or indirect
injection into the aquifer, whereas for water whose quality is degraded, preference
should be given to infiltration methods that enhance additional natural treatment in
the subsurface. In both cases, post-treatment, the intensity of which depends on the
foreseen use of the pumped water, is necessary before distribution.
Therefore, the initial objective is often to sustain an over-exploited aquifer with
other induced benefits such as improved groundwater quality with a significant
decrease in the concentrations of some reactive chemicals (i.e. iron, manganese,
ammonium, nitrate, organic pollutants, etc.). This enables the use of simpler and
cheaper water treatment methods to reach drinking water standards. At the same
time, the contamination of the infiltrated water can be reduced naturally if the
procedure used to site the installation includes the identification of reactive zones
and/or buffer zones and zones that are favourable to the development of
microorganisms. Indeed, clay minerals, iron and manganese hydroxides, and
microorganisms present in the different zones have great capacities for
decontaminating (i.e. biodegradation of organic compounds, etc.) and fixing metal-
lic pollutants and metalloids. Choosing a MAR site therefore requires that the
quality of the recharge water is compatible with the soil’s reactive processes,
especially in the unsaturated zone. In this context, the final treatment of the water
might be optimised and hence become less costly.
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In order to meet WFD challenges, links between pressures and water resources
have to be established through research activities aiming at elucidating specific
connections between water resources, pressures and uses. The combination of
observations and hydrological modelling (water bodies, overland flow, unsaturated
zone, groundwater and land cover) might be targeted to ensure proper conceptuali-
zation of the involved processes. In Europe MAR implementations are being widely
reapplied and developed using current technologies. However, French examples of
quantified assessments of their effectiveness are limited. Improved understanding
of how recharge structures actually function and the impact they have on water
availability, water quality, sustainability as well as on the local and downstream
environment, need to be gained and disseminated to promote cost-effective
implementation.
It is generally assumed that MAR systems will be used throughout the world,
including in France, due to the fact that MAR is a pragmatic and potentially
Fig. 16.2 Characteristics of the French MAR sites
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eco-responsible response to climate change, and our need to adapt to it in a systemic
approach to environmental management. Moreover, it is economically attractive for
water resource management. It is however difficult to quantify the exact cost of the
construction, use and profitability of these systems. Regardless of which technical
solution is chosen for recharge, the costs of pre- and/or post-treatment depend
strongly on the quality of the injected water. Systems that give preference to slow
infiltration and an optimisation of the geo-purification capacities of the sub-surface,
therefore, make it possible to minimise the costs inherent in recharge water
treatment and enhance the profitability of the project.
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